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consecutive cases more than 90% of the gold injected into living ani- 
mals. 

6. The average time required for carrying out a complete analysis for 
gold by this method has been less than two hours. 

Credit is due to Mr. I,. M. Larson for some preliminary work done on 
this problem. 

We take this opportunity of expressing our gratitude to Dr. Lydia M. 
DeWitt, of the University of Chicago, for her helpful guidance. 
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The change of volume of a solid when subjected to hydrostatic pressure 
is a small quantity and one difficult to measure. It is perhaps for this 
reason that but few investigators have entered this field of experimenta- 
tion. We have, to be sure, the measurements of Richards at compara- 
tively low pressures, and those of Bridgman at much higher pressures, 
but for only three substances. Except for these measurements, however, 
there are practically no other data which represent the true compressibility 
of solids under hydrostatic pressure. 

The original object of the authors in starting this investigation was to 
determine the compressibility of certain rocks and minerals, but prelimi- 
nary experiments indicated that the method adopted was so satisfactory 
for solids in general that it seemed worth while to measure the compres- 
sibility at high pressures of some of the more common metals and other 
solids. Accordingly a number of such measurements have been made, 
and in what follows we describe the method we have used and present 
the results of our measurements on the compressibility at pressures up to 
12,000 megabars of gold, copper, brass, silver, aluminum, zinc, tin, cad- 
mium, lead, bismuth, a tin-bismuth alloy, sodium chloride, calcium- 
earlsonate, and silica, both crystalline and amorphous. 

General Description of Method. 
The sample or test-piece of the material to be investigated is placed 

in the cylindrical bore of a thick-walled steel cylinder or bomb closed at 
the bottom and fitted at  the top with a movable piston; and in order to 
transmit a uniform hydrostatic pressure to the test-piece the remainder 
of the space inside the bomb is filled with a thin liquid which will not 
solidify or thicken under pressure. If now pressure be applied by forcing 
the piston downward and simultaneous readings be taken of ( r )  the piston 
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isplacement and of ( 2 )  the resultant hydrostatic pressure in the liquid, 
the value of the volume-change of the contents of the bomb as a function 
of pressure will be obtained. It is obvious that this volume-change is 
essentially the algebraic sum of three separate changes of volume, viz., 
that due to ( I )  the compressibility of th”e material under examination; 
(2) the compressibility of the liquid; and (3) the distortion of the bomb 
and its appurtenances. It remains only to eliminate ( 2 )  and ( 3 )  and we 
thus obtain the value of (I) ,  the compressibility of the material. This 
elimination might be accomplished by separately determining the values 
of ( 2 )  and (3) ,  but it is more convenient as well as more accurate to deter- 
mine them together by making another similar series of measurements, 
using a test-piece of known compressibility. We thus, in effect, measure 
the difference between the compressibility of the solid in question and 
that of some standard substance the compressibility of which has pre- 
viously been determined by some more direct means. 

Raving stated the principle of the method which we have used, we 

Fig. r.--Diagram of bomb and connections to scale as shown. The specimen to 
be compressed is placed in the hole in the thick-walled steel cylinder and surrounded 
with kerosene. The plunger is forced downward by rnpans of a hydravlic press and the 
pressure thereby produced is measured by means of the resistance-gage G. When the 
plunger is near the :top of its stroke an initial pressure may be applied by pumping 
liquid through the separator S and the by-pass A. 
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shall now proceed to describe in more detail the various parts of the 
apparatus, the means employed for the measurement of the pressure and 
of piston displacement, and the exact procedure followed in carrying out 
the determination. 

The Bomb.-The pressixes were produced in a thick-walled cylinder 
pr bomb illustrated in Fig. I .  This cylinder is 250  mm. long and 150 
mm. in diameter1 and is provided with a central hole 17.rg mm. in diam- 
eter extending from the top to within 75 mm. of the bottom. The material 
of the bomb is 
which our own 

Fig. 2.--Special 
packing for use in 
seasoning bomb. 
As shown in the 

Halcomb vanadium steel, 'Type D," a variety of steel 
experience has indicated to be superior to all others for 
safely withstanding extreme pressures. In order to de- 
velop maximum strength and toughness in the steel, the 
bomb after being machined was heated to about 920' 
and quenched in water a t  40'. Since this variety of 
steel, especially when in a large piece, never becomes very 
hard, i t  is not necessary to anneal i t  after quenching in 
order to draw the temper, but on the other hand the 
bomb was rendered more resistant LO internal pressure 
by subjecting i t  to the seasoning process recommended 
by Bridgmann2 This was accomplished by closing with 
suitable plugs all openings in the bomb except that a t  
the top, filling the interior with a mixture of one part 

' of glycerine to two parts of water, inserting a special 
a packing (Fig. 2 )  in the top and forcing the packing down diagram, which is 

llatural size. 
collar of hardened with a piston so that a pressure of 2 j , Q O O  megabars3 
tool steel fits over 
the stem of the was developed. The bomb undoubtedly yields slowly 
plug. Below thk under pressure a t  10,000 or 12,000 megabars the first 
collar are succes- sively: a collar of time pressure is applied to it, but if the pressure be ap- 
soft steel, cupped plied in small increments and sufficient time be allom-ed 
and filled with solder; tworubber each time before stepping up the pressure, so that the 
washers; and fi- viscous yield practically disappears, the elastic limit is 
nally, an inner and outer ring, respec- finally raised to such an extent that a bomb of the size de- 
tively, of solder scribed can withstand a pressure of r 5,000 megabars almost 
and copper. indefinitely without a trace of permanent deiormation. 

The outside diameter while larger than necessary--rzg mm. would probably be 
sufficient-is advantageous for the reason that the extra mass of metal affords a greater 
beat capacity which was found convenient (oide i u f m ) .  

P. W. Bridgman, Proc. Am. Acud., 49, 634 (1914). 
3 A  megabar is approximately an atmosphere. More exactly, I megabar = 106 

dynes/cm*. = 1.020 lrg./cm2. = 0.987 atm. The megabar is a much more rational 
unit than the atmosphere. Furthermore, the magnitude of the kg./cmZ. varies with 
the force of gravity and therefore its absolute value changes with the geographical 
locality. For these reasons and also because of its greater convenience in many calcula- 
tions, we have adopted the megabar as our unit of pressure. 
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The bomb rests on the fixed lower platen of a 500-ton hydraulic press, 
as shown in the photograph (Fig. 3). For the way in which the upper 
movable platen bears against the piston Fig. I may be consulted. Atten- 
tion is directed to  the curved surfaces C of contact between the upper 
platen and the piston and also on the bottom platen. An effective cen- 
tering of bomb and piston with respect to the press has proved to  he an 
essential requirement for the attainment of extreme pressure. By means 
of the curved surfaces shown the bomb automatically centers itself, 

provided only that the piston 
has penetrated a certain dis- 
tance, say one or two centim- 
eters, into the bomb. To steady 
the bomb a t  such times as this 
condition is not fulfilled, there 
are provided 4 iron rods or sup- 
ports extending from the bomb 
to each of the 4 posts of the 
press and fitted with adjusting 
screws to facilitate their proper 
placing. 

The packing of the piston is 
an important part of the appa- 
ratus, since success depends to  
a considerable extent on having 
a packing which shall be abso- 
lutely free from leak and which 
a t  the same time shall move in 
the hole in a regular manner 
and with minimum friction. 
The packing regularly used is 
shown in Fig. 4. It will be 
noted that for the sake of 
convenience in manipulation 
the packing is made a separate 
Dart and is not attached to  

Fig. S.-Photograph of hydraulic press, bomb. and 
connections. 

pressure gages to be mentioned later, is practically identical with 
those already described by Bridgman.' The essential feature of this 
type of packing, as pointed out by Bridgman, is the unsupported area 
above the central stem, by virtue of which the liydrostatic pressure in 
the rubber disks is greater than in the bomb, thus removing any tendency 
for the liquid in the bomb to leak out past the packing. By referring 

P. W. Bridgman, Proc. Am. Acad.. 49,631 (1914). 
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to Pig. 4, it will be seen that the packing consists of a plug terminating 
above on a stem in which are fitted j washers and a collar. The washers 
are all 1.5 mm. thick and are successively a copper one soldered to the 
plug, two of soft rubber, another of copper, and finally one of annealed 
T y p e  D” vanadium steel. The first copper is made a tight fit in the 
hole of the bomb; the other copper and the steel washer are made a loose 
fit on the stem and a push lit in the bole. The collar is made of tool steel 
hardened and drawn to a dark blue color, and is a loose fit both inside and 
olit, while the plug itself is made of ‘Type K” vanadium heated to 8 p 0 ,  
quenched in oil and annealed long enough a t  200’ to remove strains 
(about one hour). The rubber washers are made slightly larger than 

the space they are intended to fill and are cut to a uni- 
form size by means of a simple punch. 

The piston is made in two parts as indicated in the 
diagram (Fig. I ) .  The lower part or piston proper, of 
tool steel hardened and drawn to a straw color, was 
driven into the upper part which is of soft machine 
steel. This arrangement not only effects a saving of 
steel but also facilitates the repair of a damaged piston. 

Besides the central hole in the bomb there are 4 other 
Of the two lower openings shown in Fig. I ,  

uralslze.) Pack- one is used to connect with one of the “therlo” pressure 
ing regularly used 
to inake movable gages described below; the other was not ordinarily 
piston pressure- used for the present work and was closed by a plug,l E, 
tight. Over the 
stem of the plug which is shown in the lower left-hand part of the bomb 
are sllccessively$ in Fig. I.  The plug consists of two parts: a nut and a 
beginning at the 
top, a hardened Small Cykider with a conical end which fits into a conical 
steel coltar, a soft hole in the bomb. Both parts were made of “Type K’ 
steel washer, a 
copperwasher, two vanadium steel heat-treated in the same manner as was 
of rubber$ and the plug of the packing (vide supra). A third opening 
another of copper. not visible in Fig. I but shown in Fig. 6 (a section per- 
pendicular to that of Pig. I )  held the other pressure gage. 

The upper opening A 01 the bornb (Fig. I)  formed a by-pass by means 
of which liquid from ;Ln outside source could be pumped into the bomb 
wheriever the piston was at  the top of its stroke. This by-pass is prae- 
tically identical with that used by Bridgman2 for a similar purpose, and 
consists of a hole about 4 mm. in diameter which i s  tapped and then filled 
with a suitable screw, along which is filed a groove which is about one 
mm. wide except for one or two mm. a t  the inside end where i t  is merely 
a fine scratch, 

See also John Johnstoil and 1,. H Adam,  “The Influence of Pressure on the 
Melting Points of Certain Metals,” Am. J .  Sc i . ,  [4] 31, 501-517 (1911) .  

P. W. Bridginan, Phys. Reo., 3,  131 (1914). 

pig, 4. - (Nat- openings. 
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Connection between the by-pass and the pump was made by a sep- 
arator, S,  the construction of which will be evident From a study of Fig. I .  

The same pump which was described in a former publication’ was used 
for forcing Xiquid’through the by-pass, and since the bomb was filled with 
kerosene, while a heavier paraffin oil was used with the pump, some sort 
of device was necessary to transmit the pressure and at  the same time 
prevent the two liquids lrom mixing. The separator referred to has 
proven entirely satisfactory for this purpose. The movable part i s  a 
cylindrical steel piece having a short stem at one end on which one or 
two rubber washers are placed. The large opening at  the top is closed 
by a nut with a conical end. This simple device for closing openings at 
least 1.5 mm. in diameter has given perfect satisfaction a t  pressures up 
to 4000 megabars and would probably be equally aect ive at much higher 

e Pressure Gage.--For the measurement of the pressure inside the 
bomb advantage was taken of the change of electrical resistance of a 

Lisel12 first made use of the 
change of resistance of manganin for measuring pressures and subse- 
quently Dridgman3 has used the manganin pressure gage with great 
success up to 20,000 megabars. We have used both manganin and 
“thherlo,” an alloy similar to manganin in many of its properties, but 
since “therlo” shows a very low thermo-e. m. E. against copper it is some- 
what more suitable for the present purpose than manganin. 

The gage coils were made as follows: a length corresponding to about 
POO ohms of 0.08 mm. silk-covered therlo wire was wound on a small, 
brass rod previously covered with a layer oi thin waxed paper. A light 
coating of shellac varnish was applied and when the shellac had partially 
dried the coil was slipped off the rod and heated in an oven a t  140’ for 
TO hours. This treatment served to bake the shellac so hard that the 
wire held together as a rigid, hollow cylinder and also served to season 
the wire to temperature. This temperature seasoning was found to be 
necessary as is also a seasoning to pressure; that is, the resistance changes 
under pressure are uncertain and irregular until after the coil has been 
first annealed and then exposed to pressure a few times. 

In order to use this coil for the measurement of pressure it is obvious 
that an electrically insulated and pressure-tight connection through the 
wall of the bomb is required. During the earlier part of the investiga- 
tion the pressure gage used was the one shown a t  G, Fig. I. The method 
of construction is shown on a large scale in Fig. j. A cylindrical piece of 

John Johnston and L. Et. Adams, “The Effect of Pressure on the Melting Point 
of Certain illetals,” LOG. cit. 

L i d ,  Diss. Upsala, 1903. 

etallic wire when exposed to pressure. 

3 P W Bridgman, PTOC. Am. Acad., 47, 335 ( K ~ ~ E X ) .  
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hardened vanadium steel is made a close fit in the hole in 
the large nut and is held down by a smaller nut as shown 
in Fig. I .  The current connection consists of a hardened 
rod likewise of vanadium steel, and 1.5 mm. in diam. ex- 
cept for a shoulder 4 mm. in &am. near one end. The 
packing fits in a hole 6 mm. in diam. and consists of two 
cylinders of serpentine rock (sometimes called soapstone) 4 
and 6 mm. long, respectively, between which is a cylinder 
of rubber 5 mm. long. A thin, steel ring i s  fitted over the 
central rod just above the lower cylinder of serpentine in 

Fig. S.--De- 
tailed drawing order to prevent the rubber from blowing out past the rod. 
(full size) of in- The therlo coil is placed in the upper end of the cylinder 
ner part of 
gage &own at and one of its ends connected to the insulated rod while the 
G, Fig. I .  The other end was fastened to the steel cylinder. A11 connec- 
small central 
rod through tions were made with hard solder (two parts of brass to 
which curFent one of silver) using borax as a flux. In order to facilitate 
to  the coil is 
conducted is the soldering of the very fine (0.08 mm.) therlo wire to the 
“’packed” by steel parts, the ends of the coil were first joined to short 
means of two 
cylxnders of bits of 0.2 mm. platinum wire which were then soldered to 
serpentine rock the cylinder and rod, respectively. Tlie cylinder which 
(“soap-stone” ) between which holds the packing is made pressure-tight against the bottom 
i s a  thirdcylin- of the hole in which i t  rests by means of a thin washer of 

soft steel, against which the cylinder is forced by means of Of rubber* 

measurements pressures 
were read allother Fig. 6.-(1/2 natural size.) Section through lower part 

of bomb (at right angles to  the section shown in Fig. r )  
gauge ’lightly different to show location of pressure gage used for later measure. 
from that shown i n  Fig. I I) merits. 
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ere the cylinder holding the coil fits directly into a hole in the 
omb. As may be seen by referring to Fig. 6 i t  is made pressure- 

tight in the hole by means of a tapered shoulder on the cylinder, between 
which and a square shoulder in the hole are successively, beginning with 
the outside, a soft steel washer 1.j mm. square in cross-section, a lead 
washer of the same size and another soft steel washer 0.8 mm. thick. 

The therlo gages were calibrated up to 1500 megabars by comparison 
with an absolute gage of the Amagat type. A second absolute gage 
for calibration a t  higher pressure was constructed but unfortunately this 
gage i s  not yet in perfect working order and hence for the calibration 
a t  higher pressures we were obliged to w e  certain transformation points 
for our pressure scale. At 20' the 1-11 inversion of carbon tetra- 
chloride takes place a t  3275 megabars, water freezes a t  8830 megabars 
and mercury freezes a t  11430.l These fixed points, together with the 
absolute gage calibration up to 1500 megabars afford a pressure scale 
which is sufficiently accurate for the present purpose. 

The change of resistance of the therlo coil was measured by meam of 
a type of Wheatstone bridge with 4 equal fixed arms. This is shown 
diagrammatically in Fig. 7 in which G represents the gage coil of roo 
ohms and F a coil of nearly the same resistance identical in every way 
with G but placed in a small hole in a steel block which was fastened to  
the outer end of the gage holder. The object of this was to  have the two 
coils exposed to as nearly the same temperature and heating effect of the 
current as possible, and to further this object ?? was also surrounded by 
kerosene. The bridge is completed by the roo-ohm coils p and q which 

Id be kept a t  the same temperature (not necessarily equal to that 

Bn this type of bridge the usual galvanometer is replaced by a poten- 
tiometer. Now it  is obvious that a change in resistance of the gage 
coil will cause a change in the e. m. f .  E indicated by the potentiometer 
and therefore the value of E may be used as a measure of this change of 
resistance. In actual practice this method of measuring the change in 
resistance of pressure-gage coils has ?roved to be convenient and accu- 
rate. It does away with moving contacts in the bridge circuit and for 
work in which a potentiometer must be used anyway it  avoids a multi- 
plicity of instruments. 

The form of bridge, unlike the umal Wheatstone bridge, requires a 
constant current. This is secured by balancing the bridge current against 
the potentiometer current. Referring to Pig. 7 i t  is evident that  by 
closing the K and making the indicated connection to the potentiometer 
galvanometer, the current through the bridge may be adjusted by means 
of the rheostat until the drop in potential across M is equal to that across 

' P. W Bridgman, Proc. A m .  Acad I $7, 391, 392, 416, 518 (1911) 
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N. The bridge current will then bear a fixed relation to potentiometer 
current and if the latter be maintained constant by the usual cadmium 
cell adjustment obviously the bridge current will also be constant. As 
a matter of fact, if the potentiometer be used solely for resistance mea- 
surement, it is not necessary that the bridge current be constant but 
merely that it bear a fixed relation to  the current through the poten- 
tiometer. 

The potentiometer which was used is a so-called double potentiometer,I 
and is well adapted for these kinds of adjustment. One set of its dials 
was regularly used for temperature measurement (e. m. f. of a thermo- 
element) and the other for pressure measurement (change in resistance of 

Fig. '-/.-Diagram of bridge connections used for measuring changes in resistance 
of therlopressure gage. The gage coil G forms a Wheatstone bridge with 3 fixed 
coils, F, p and 4. A variation in the resistance of G gives rise to  an e. m. f. which is 
read by the potentiometer and which is a measure of the resistance-change. Con- 
stancy of current through the bridge is obtained by equalizing ( I )  the drop in potential 
across M, a coil in series with the bridge, and (2) the drop across the coil N, which is 
in the potentiometer battery circuit. 

a therlo coil). A third position of the controlling knob caused the ter- 
minals of M and N to be connected directly to the galvanometer and 
thereby allowed a very rapid adjustment of the bridge current to be made. 

In using the bl'idge it is convenient to so adjust it that the e. m. f. E 
shall be zero at  zero pressure. This was accomplished by inserting in 
series with F a mercury resistance which consisted of a glass U-tube 
containing mercury. The arms were of the same length but of unequal size, 
the inside diameter of one being 1.5, and that of the other about 6 mm. 

For a detailed description of the instrument actually used, see W. P. White, 
Z. Instrumentenk., 34, 7 1 ,  107, 142 (1914). 
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he mercury columns could be displaced by copper rods fitting loosely 
anside the tubes and a coarse and fine adjustment of resistance obtained. 
It proved possible with this simple device to regulate the resistance at will 
to within 0.0001 ohm. 

It is also convenient, although not essential, to have a third coil similar 
to G and F and mounted in the same small block with F. By means of a 
simple link-and-cup switch G could be replaced by this coil, and in case 

f accidental electrical leaks or short circuits in the system, the source of 
e trouble could be more easily located. 
To deternine the relation between the change of resistance of G and 

the e. m. f. registered by the potentiometer we may proceed as follows: 
Let r, r ’ ,  ur and ar‘ be the resistance of the coils 6, I?, p and q, respec- 

tively, and let E be the e. m. f. as read by the potentiometer when r is in- 
creased to r + A r, and I the (constant) total current through the brid 

hen it can readily be shown that 
E = uIr’Ar/{ (r + r‘) (a + I)  + Ar). 

E = I r  Ar/(lbr + Ar). 

(1) 

(2) 

If the coils be equal then, r = T’ and a = x and our formula becomes 

Moreover, if Ar be a small quantity when compared to 4r, the follow- 
ing relations are approximately correct : 

E = I Ar (I - Ar/qr) 
Ar/q = @/IT) + (E / I r )2  

Ar/r = 2.10-~(E + 0.5.10-~E~) 

(3) 
(4) 

( 5 )  
Substituting in Equation 4, r = IOO ohms, I = 20,000 microamperes, 

when E is expressed in microvolts. 
Thus E is nearly proportional to Arjr; more exactly E plus a small 

correction-factor (0.5 X IO-~E~)  is equal to a constant times Ar/r,  In 
.the actual measurement of pressure, however, Ar was not calculated. It 
is sufficient to determine E as a function of the pressure P by calibration 
against an absolute gage or by means of fixed points as indicated above, 
and to then read off the appropriate values of P from a suitable table 
or graph. It is somewhat more convenient in doing this to plot or cal- 
culate E + 0 .5Qio -~E~  as a function of P, since Ar is-at least for pres- 
sures above 3000 megabars-a linear function of P. 

Since the pressure coefficient of therlo is about 2.2 X IO-Epermegabar, 
one microvolt corresponds to about one megabar, and since with our 
potentiometer and galvanometer E could easily be read to  one microvolt 
or better, we were thus able to read the pressure in our apparatus to 
within one megabar a t  any pressure.l 

1 This does not mean that the absolute accuracy of the pressure readings is one 
megabar. Indeed, a t  ro,ooo megabars the uncertainty in the pressure scale is a t  
present probably as much as 2 0  or 30 megabars. 
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easurement of Piston Displacement. 
The vertical movement of the piston indicates the change in volume of 

the contents of the bomb. This displacement of the piston was mea- 
sured by means of Ames dial micrometers. This type of direct-reading 
micrometer registers the motion of the stem relative to the main body 
of the gage. Fractions of a revolution are indicated by the large hand 
and whole revolutions by the small hand, Each division 111 the dial 
corresponds to 0.01 mm. and the hand performs one complete revolution 
per millimeter. Two of these micrometers were used. One of them 
(which we shall call micrometer 1) was attached to the upper press-platen 
and made contact below with an adjustable pedestal resting on the lower 
platen. (See Pig. 3.) The other (micrometer 11) was fastened to the 
upper part of the piston by means of an adjustable clamp and set-screw 
a t  such a height that the stem pressed against the top of the bomb. 
Micrometer 11 was the one regularly used for measuring the motion of 
the piston and did not necessarily occupy the same position relative to 
the bomb from one series of measurements to another. Micrometer I, 
on the other hand, was used for determining the absolute position of the 
piston and also served a t  times as a check on the other micrometer. The 
micrometers were read to 0.001 mm. but of course the absolute accuracy 
is not so high as this would indicate. 

In  order to increase the range of the instruments, which is about 12.8 
mm., disks of steel, case-hardened and accurately ground, were inserted 
when necessary beneath the stem of the micrometer. A series of 3 disks, 
respectively IO, 20, and 30 mm. thick, was used with Micrometer I, while 
one disk IO mm. thick was ordinarily sufficient for 11. The micrometers 
were calibrated by comparing them with a screw-micrometer of known 
accuracy. 

Materials Used. 
Soft Steel.-This, our standard of reference, was obtained from a piece 

of “cold rolled” steel bar (Bessemer steel). The carbon content was 
known to be about 0.2%; d. a t  19’ = 7.835. 

Tool Steel.-From a piece of drill rod. The carbon content was not 
determined but steel was known to contain about 0.8% C. Its density 
was 7.795 at 26.1’. 

Gold.-Obtained from Handy and Harmon; d. a t  24.7’ = 19.22. 

Silver.-The silver which we used was obtained from the U. S. Mint 
Its  density, a t  Philadelphia and was undoubtedly very !OW in impurities. 

determined by the immersion method, was 10.493 a t  25 
Cadmium.-From the J. T. Baker Chemical Co.; d. a t  25’ = 8.641. 
Lead.-Sample of test lead from Pennsylvania Smelting Company ; 

d. a t  26’ = 11.336. 



COMPRESSIBILITY OF SOLIDS .a HIGH PRESSURES. 23 

Aluminum.--From a commercial rolled bar; d. a t  28.9' = 2.704. An 
analysis showed 0.235% Si, and 0.016% Fe. 

Its pur- 
ity is possibly open to question, since its density, 8.893 at  ~ 5 . 5 ' ~  is some- 
what low. 

opper.-This was from a piece of commercial copper bar. 

hc.-Obtained from Kahlbaum; d. a t  25 
Pass.-From a piece of commercial rolled bar. 

= 7.134. 
An analysis' shows 

contain: Cu, 6176%; Zn, 35.gz%; Pb, 2.26%; Fe, 0.05%. Density 
at 26.1' = 8.464. 

in.-Obtained from Kahlbaum; d. a t  2.5' = 7.282. 
ismuth.-This was obtained from the Baker and Adamson Chemical 

Tin-Bismuth Alloy.-This alloy was made up to be near the eutectic 
By analysis it was found to contain 53.8% Bi and 

Sn; d. at 28.7', 8.569. 
ite.-The calcite test piece was taken lrom a large, colorless crystal 
ampassas County, Texas ; d. a t  2 5.2 ' = 2.7 I I. 

ium Chloride.-'faken from a large crystal of halite; d. a t  25.2' = 

ark-This was from a large crystal of clear, colorless quartz, kindly 
ed by Dr. George P. Merrill of the National Museum. Its density 

d Silica Glass.--This was from a piece of laboratory capillary 
about 18 mm. in diameter with a one mm. hole. The glass was 

somewhat translucent due to the presence of numerous fine capillary 
holes running in a direction parallel to the larger dimension of the rod. 
The density, 2.135 at  2 6 O ,  is about 3% lower than the density of clear 
silica glass as determined by Day and Sheperd2 and this indicates about 
3yo of pore spaces. For this reason not much weight can be attached 
to results here obtained for the compressibility of silica glass. On the 
other hand, since the pore space as determined by the immersion method 
consists of "closed pores" and since these pores are very fine, it is pos- 
sible that compressibility of the clear homogeneous glass would not be 

erially lower than our result. 
reparation of Test Pieces.-For convenience in subsequent calcula- 

tions all of the test-pieces were made to have approximately the same 
volume. Their shape was cylindrical, the diameter being about rg.8 
mm., the length about 101.7 mm. The volume which was thus about 2 0  

cc. was carefully determined (after each cylinder had been subjected to 
high pressure) by measuring the apparent loss of weight in water. The 

For assistance with this analysis we are indebted to  Dr. E. 6. Zies of this labora- 
tory, 

Works. 

in composition. 

Its density a t  25' was 9.806. 

a t  25' was 2.648. 

* Arthur I,. Day and E. S. Shepherd, Am. I. Sci., 22,276 (1906). 
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test pieces of steel, copper, brass and aluminum were made from round 
bars of commercial stock by turning in a lathe. The cylinders of tin, 
silver, bismuth, zinc, cadmium, tin-bismuth alloy, lead, and gold were 
cast in a horizontal graphite mould, hammered with a heavy sledge, and 
turned down to size. In the case of calcite, sodium chloride, quartz and 
silica glass a piece of the material of proper size was first ground roughly 
to size by hand, and then placed in a grinding machine where they were 
given their true cylindrical form. 

Experimental. Procedure.-The bomb, having been set in place, ww 
partially filled with kerosene, the test-piece introduced and the air re- 
moved by evacuation with a rotary vacuum pump. The separator was then 
connected and the pressure gage adjusted, after which more kerosene was 
added and the packing inserted. The piston was then placed on the packing, 
forced down by means of the press until the top of the packing was 3 or 
4 mm. below the top of the bomb, and kerosene pumped through the 
by-pass and into the bomb until a pressure of about 1000 megabars was 
reached. The object of this preliminary pumping was merely to facili- 
tate the removal of the packing when the measurements had been com- 
pleted. As the piston was again forced downward, the packing moved 
down below the by-pass, which then ceased to play any part during the 
course of the measurements. 

The piston was advanced at  such a rate that the pressure increased 
about 1000 megabars per minute until a pressure of 12,500 was reached.l 
After the apparatus had stood a t  this pressure for 20 minutes the series 
of readings was begun. The observations were made with decreasing 
pressure for the reason that there is considerable deformation of the 
packing the first time that pressure is applied to it, so that the apparent 
volume change of the contents of the bomb may be irregular, and un- 
certain. 

A pair of readings, one of the pressure gage and one of the micrometer 
(11) was taken at  each 1000 megabars between 12000 and 2000 inclusive.2 
At 2000 megabars an additional observation was’made of the reading of 
Micrometer I, This fixes the absolute height of the piston corresponding 
to a definite pressure and thus determines the amounteof kerosene in the 
bomb. The time 
interval between readings was uniformly 6 minutes, which was found by 
trial to be sufficiently long to allow the heat of compression to be dis- 
sipated and the pressure to become steady. For convenience in calcu- 
lation the pressure readings were taken as close to the even 1000’s as 

2 In some of the earlier series oi measurements the maximum pressurereached was 
8500 megabars. 

2 8000 to 2000 inclusive in the earlier measurements; when readings were taken 
at the even 1000 kg./cm2. 

The necessity of this will be referred to later on. 
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practicable. By reason of the ease and rapidity with which the pressure 
gage could be read no difficulty was experienced in securing pressure 
readings which differed from the even 1000’s by less than IO megabars. 

en the pressure was lowered preparatory to taking a reading it was 
advisable to drop i t  about j o  megabars below the proper point and 

then to raise the pressure slowly until the desired pressure was reached. 
On account of the friction in the packing, its motion is slightly more r e p -  
lar with increasing pressure than with decreasing pressure and this pro- 
cedure of “taking in the slack” was found to increase the accuracy of the 
readings. The readings were discontinued at  2000 megabars partly for 
the reason that since our main interest was in the compressibility at high 

ressures, the readings at lower pressures were of less importance; and 
artly because o€ irregularities which may occasionally be introduced 

at pressures of only a few hundred megabars on account of a small amount 
Nevertheless it now appears probable 

a t  determinations by this method at  pressures as low as 1000 megabars 
~ o u ~ d  be trustworthy. 

After the series of measurements had been completed the piston was 
allowed to rise until the packing was above the by-pass, when, by admit- 
ting kerosene under pressure through the by-pass the packing was easily 
blown out. The friction of the packing when near the top of the bomb 
was approximately 450 megabars; in other words, when the piston is 
r d the packing ceases to m0~7e as soon as the pressure has fallen 
t megabars, and this amount of pressure must be applied in order 
to blow it out. 

Supposing now that one or more sets of pressure-volume readings have 
een obtained for each of the materials under investigation, the next 

step is to calculate from these data the true compressibility, with refer- 
ence to that of the standard-soft steel. 

Experimental Results and Method of Calculation. 
In order to  determine the changes of volume under pressure of agiven 

substance by the present method, two series of pressure-volume readings 
are required-one with the test piece of the substance in the bomb and 
another similar series with a test piece of known compressibility. We 
thus, in effect, measure the difference in compressibility of the two mate- 
rids. Soft steel has been chosen as our standard of reference. Bridgman 
has measured the compressibility of soft steel by a direct methodl and 
has found the volume change to be proportional to the pressure up to 
TO,OOO kg./cm2. The compressibility a t  10’’ is 0.583*10-~ per kg./cm2.; 
and soa, 0.601.10~. At room temperatures, say zoo, the compressibility 
wodd therefore by linear interpolation be 0.587.10”~ per kg./cm2.; or 
0.598.  IO-^ per megabar. 

air remaining in the bomb. 

I P. W. Bridgman, Proc. Am. Acud., 47, 366 ( rgrr ) .  
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Gruneisenl has measured the compressibility of steel by an indirect 
(Mallock’s) method and has found 0.58.10”~ and 0.63.10-~ cm2./kg. for two 
different samples. In our calculations we have assumed 0.60.10-~ per 

- megabar to be the compressibility of soft steei. 
The compressibility of the kerosene used in 

the bomb occurs as a correction factor in the 
formula given below, and was determined from 
two series of readings, one with the steel cylinder 
in the bomb, and the other series with kerosene 
alone. 

Pig. 8 illustrated the positions of the piston 
for s the comparison substance and r some other 
material. The difference in levels a t  a fixed 
initial pressure, Po, is R, -R fo ,  and R‘ and R 
are the piston displacements from Po to P for s 
and r ,  respectively. The difference in volume a t  
the pressure P is equal to (AR, + R - R’) A 
(I + GYP) where A is the cross section of the hole 

Pig. 8.--Sketch (for use in at P = o and a is the Diessure coefficient of A. 
with description Equating th is value to the difference as obtained 

by subtracting the volumes of the substances in of method of calculation) 
showing initial and final 
positions of piston for eachthe two cases, we have 
of the two substances Y and s ( AR, + R - R’)A ( I + aP) = V,( I - Av,) + 
whose compressibilities are v ’ ~ ( ~  - av,) - v,(~ I av,) - vk(I I aVk> 
being compared. 

in which V is the volume at  Po of the substance 
indicated by the subscript (k  is the liquid used to transmit pressure) 
atld Av is the change of volume of one cc. of the indicated substance be- 
tween P, and P. Since 

our formula becomes, 
V,  - V ,  + V’k - W h  = A(I  + .Po) ARo 

( Av, - Av,V,/V,)V,/A = (K,- K’) ( I + .IJ) + 01 AKo (Y - Po> + Avk[ARo ( I  + alp) 1- (V,  - V,)/AI (6) 
This is the iorm which we found most convenient for calculating the 
required change of volume2 of the substance .between the pressures Po 
and P. 

It should be noted that Av,, as obtained from (6) in the form given, is 
the change of volume of the substance between Po and P per cc. of the 
substance at  Po. If it is desired to refer the volume changes to one cc. of 
the substance at atmospheric pressure, for V,  occurring outside the 

1 E. Griineisen, A m .  Phys., [4] 33, 1262 (1910). 
a This formula is practically the same as one used by Bridgman in measuring the 

compressibilities of liquids, Proc. Am. Acad., 48, 326 (1912). 
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parentheses on the left-hand side of Zquation 6 VI, the volume of the 
substance a t  P = I must be substituted. 

In determining the value A v h  of the kerosene which we used for trans- 
mitting pressure, we put V,  in Equation 6 equal to zero and obtain 
A v ~ ( V ~  - A AR) - V, Av, = 

A(R - R’)(I + aYP) + AaAR,(P - Pa) (7) 
from which Avh can be calculated for use in Equation 6. 

By making the volume of the samples as nearly equal as possible and 
by using as nearly as possible the same volume of kerosene in each case 
it is possible to cut down the terms 011 the right-hand side of Equation 6 
with the exception of the first. As our measurements of piston dis- 
placement were made to 0.001 mm., the correction terms were calculated 
-to the same figure. While our probable accuracy was not so great as this, 
our results in many runs were self-consistent to better than 0.01 mm. 

The change of volume under pressure of one sample of our kerosene i s  
shown in Table 1. 

TABLE I.-COMPRESSIBILITY 
P megabars. 

I2000 

I I000 
IO000 

goo0 
8000 
7000 
6000 
5000 
4000 
3000 
2000 

AT 20’ OF KEROSENE ACTUALLY USED. 
Auk. 
0.XJO 
0,142 
0.133 
0.123 

0.098 
0 .084 
o ,068 
0 .os0 

0 . 1 1 1  

0.027 

Q .000 

The maximum value of Avk is 0.15, so that in the calculation of com- 
gressibilities by (6) V - V,  had to be known to better than 2 cu. mm. 
in order that the correction be determined to 0.001 mm. 

TABLE II.--RESULTS OF COMPRESSIBILITY MEASUREMENTS. 
Pressure. Diff. X 104. 

Megabars. R -  R‘. R- X’(corr.). Av,.-Av,. Asy (obs.). Awr (calc.). (Ob%--calc.) 

ARC = 0.41, V = 20151, Q = 
72000 1.493 1.588 
xmoo 1.365 1.452 
110000 1.224 r.304 
goo0 1.085 1.157 

8000 0.930 0.994 

6000 0.628 0.674 
5000 0.490 0.525 

7000 0.787 0.841 

4000 0.320 0.345 
3000 0.180 0.191 
2000 0.000 0.000 

QUAKTZ. 
0.06, xo4a .-- 0.5, io6b = 
0.01819 0.02419 

I 664 2204 

I494 I974 
1326 1746 
1 I39 I499 
964 1264 
772 1012 

602 7 8 2  
395 515 
219 279 

0 .00000 0 .ooooo 

2.622, 10% = -2.05. 
0.02422 -0.3 

2199 0 . 5  
1972 0.2 
1740 0.6 
1503. -0.4 
1265 --o.I 
I021 -0.9 
774 0 .8  
521 -0.6 
265 I .4 

0.00005 -0.5 
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Pressure. 
Megabars. R - R'. 

A& = -0.19, v = 

7840 0.997 
6860 0.848 
5880 0.684 
4900 0.525 
3920 0.347 

1960 0.000 
2940 0.174 

-0.63, V 
0.812 
0.726 
0.645 
0.574 
0.491 
0.419 
0.341 
0.264 
0.192 
0.108 
0 .000 

A& = 

7840 
6860 
5880 
49- 
3920 
2940 
1960 

A h  - 
12000 

I Io00 

IoooO 

9- 
8000 
7- 
6000 
5- 
4- 
3000 
ZOO0 

Q.80, 
0.511 
0.434 
0.362 
0.299 
0.212 
0.127 
0 .ooo 

TABLE TI (continzred). 

QUARTZ. 
R -  R'(corr.) .  A+-.Aus. At+ (oh.) .  

20151, Q = 0.06, 104u = 0.2, ioeb 

0 .a42 965 1259 
0.678 777 I O 1 2  

0.519 595 771 
0.343 393 5 1 1  

0.171 196 255 

0.992 O.OlI36 0.01490 

0.000 o.ooO0o 0.00000 

CALCITE. 
= 20074, Q = -0.07, I (  

0.712 0.00819 
0.630 725 
0.554 637 
0.489 562 
0.414 476 
0.351 404 
0.281 323 
0.217 250 
0.151 I74 
0.088 I O 1  

O . O o 0  0.0oooo 

~~a = 0.8, 1 

0.01419 
1265 
1117 
982 
836 
704 
563 
430 
294 
161 

0 .00000 

-0.76, V 
0.681 
0.615 
0.540 
0.470 
0.400 
0.340 

0.207 
0.132 
0.066 
O.Oo0 

0.275 

CALCITB. 
V = 20074, Q = 0.07, 104a = 2.7, 

0.414 0.00476 0.00830 
0.348 4- 694 
0.287 330 565 
0.239 275 451 
0.168 I93 31 I 
0. I02 117 176 
0.000 0.0oooo 0.00000 

Diff. X IO'. 
Aer (calc ). (Ob%-calc.) 

= 2.631, iollc = -1.50. 
0.01498 -0.8 

12.55 0 .4  

7-63 0 .a 
512 - 0 . 1  

I O 1 0  0 . 2  

258 Q.3 
0 . 0 0 0 0 2  --0.2 

10% = 1.396, c = 0. 

0.01404 1.5 
1264 0.1 

1125 -0.8 

846 -1.0 
706 -0.2 
566 Q.3 
427 0 .3  
287 0 . 7  
148 1.3 

985 --;3 

O.OO008 Q.8 

= 20160, 
o.Gzo 
0.555 

0.418 
0.353 
0.297 
0.238 
0 .  I77 
0.110 

0.056 
O.OO0 

0 433  

ALUMINUM. 
Q = 0.34, 104a = -1.0, 

0 .00710  

635 
553 
479 
404 
340 
272 
2 03 
126 
64 

0.00000 

0.01310 
1175 
1033 
899 
764 
640 

383 
2 46 

512 

124 
0 .ooooo 

Ioeb = 1.377, c 

0.00837 
702 

567 
432 
297 
I 62 

0.00027 

IOsb = 1.309, 
0.01299 

I 168 
1037 
906 
775 
644 
514 
333 
252 
I21 

- 0 . ~ I 0  

= 0. 

- 0 . 7  
-0 .8 

1.9 
* .4 
1.4 - . 7  

- - 0 . 2  

t = 0. 

I * I  

0 . 7  - .4 
- 0 . 7  - .4 
--I .I 

--0.2 

0 .o 
---o .6 
0.3 
I .o 
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TABU IT (continued). 
Pressure. Diff. X 104. 

Megabars. R- R'. R-R' (corr.)~ AvV--Avs .  AD, (obs.). Aur (calc.). (0bs.-calc.) 

Al to  = 
E2000 

YIOOO 
10000 
goo0 
8000 
7000 

6000 
5000 

4000 
3000 
2000 

-0.15, B 
0 396 
0.544 
0.474 
0.422 
0.351 
0.291 

0.158 

0.051 

0.222 

0 , XOI 

0 .ooo 

= 20160, 
0.632 
0.576 
0.504 
0.450 
0.374 
0.311 

0.239 
0 I 172 

0 . 1 1 0  

0.056 
0.000 

ALUMINUM. 
@ = 0.34, 104a = -1.4, Io6b = 1,340, 
0.00723 0 .Or323 0 .or326 

660 I200 I 192 
577 1057 1058 
515 935 924 
428 7538 790 
356 656 656 
474 514 524 
197 377 388 
I26 246 2.54 
64 124 I20 

o.ooa00 o.ooooo -0.00014 

c = 0. 
-0.3 
0.8 

- - O . I  
I . I  

--o . 2  

0 .o 
--I .o 
-1 . I  

-0.8 
0.4 
1.4 

SODIUM CHLORIDE. 
ARC = -0.70. V = 19954, Q = -1.04, 104a = 0.7, 10% = 3.992, 10% = -2.98. 

12000 2.902 2.676 0.03096 0.03696 0,03701 --o.fj 
EKOOO 2.667 2.448 2832 3372 3359 I .3 
IWO 2.395 2.186 2529  3009 3010 --.o.x 
yo00 2.132 1.936 2240 2660 2655 0 . 5  
8000 I .844 P .664 I925 2285 2295 -1.0 
7000 I .565 I .404 1624 I924 I928 -0.4 
6000 1.279 I .I39 1318 ~ 5 8  1.557 0.1 
5000 0.979 0.863 998 1178 1178 0 .o 
4000 0.677 0.592 685 805 793 I .2 
3000 0.350 0.301 348 408 403 0.5 
2000 0.000 0.000 o.ooooo o.ooooo o.00007 -0.7 

SODIUM CHLORIDE. 
A% = 0.24, V = 20024, Q = -0.74, xo4a = 2.0, Id& 4.033, 10% = -2.85. 

7840 1.710 r.672 0.01926 o.0~280 o.ozzg4 -1.4 
6860 1.456 1.421 r637 1931 I929 0.2 

4900 0.910 0.881 1014 -190 1182 0.8 
3920 0.629 0.609 702 a20 800 2 .o 
2940 0.324 0.310 357 416 413 0.3 
1960 0.000 0.000 O.OOOOO O.OOO~O 0.00020 -2.0 

5880 x.183 1.151 1336 1561 I558 0.3 

AR, = -0.17, V = 20111, @ = 
izooo 1.388 1.376 
11000 1.262 1.249 
xoooo 1.116 1.103 
9000 0.993 0.980 
8000 0.837 0.823 
7000 0.708 0.695 
6000 0.567 0.554 
5000 0.428 0.416 
4000 0.267 0.259 
3000 0.137 0.132 
2000 O.Qo0  0.ooCp 

LEAD. 
-0.03, 104a 
0.01580 

I434 
1266 
1125 

945 
798 
636 
478 
297 
152 

0 .ooooo 

= -0.8, 104b = 2.215, 101lc = --o.21. 

0.02180 0.02186 -0.6 
I974 1968 0.6 
~746 I750 --O.4 
r545 1530 1.5  

1098 I094 0.4 
876 875 0,5 

658 65 4 0 . 4  
417 433 -1.6 
212 2x3 -0.1 

0.00000 -Q.oacw8; 0 . 8  

I305 X313 -0 -8 
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TABLE It (colztilzued). 
Pressure. Diff. X 10% 

Megabars R- R'. R-R' (cow.). A.ur-Aa,. Au,. (obs.). Aw, (calc.). (0bs.-calc.) 

IIEAD. 

ARo = 0.93, V = 20111, Q = 
7840 0.682 0.796 
6860 0.575 0.675 
5880 0.452 0.537 
4900 0.334 0.404 
3920 0 .221  0.273 
2940 0.120 0.148 
1960 0.000 0.000 

-0.03, 104a = 0.7, 10% 

0.0091.; o ,01269 
776 1070 
617 852 
464 640 
314 43 2 
1 7 0  229 

0 .ooooo 0 .00000 

= 2 .175 .  I O ~ ~ C  = -0.38. 
0.01273 - 0 . 4  

I 064 0.6 
854 -0.2 

643 -0.3 
432 0 .o 
220 0 .9  

0.00007 -0.7 

ARe 
I2000 

I IO00 
10000 

9000 
8000 
7000 
6000 
5000 
4000 
3000 
2000 

= 0.25, V 
0.190 
a.168 
0 .  J44 
0.136 
0 . 1 2 1  

0.097 
0.069 
0 e059 
0.036 
0.012 

0 .000 

AR, = 0.93, V 
7840 0.042 
6860 0.051 
5880 0.026 
4900 0.017 
3926 0.009 
2940 0.017 
1960 o.ooo 

BRASS. 

20078, Q = 0.05, 104a z= 0.5, Io'b E 0.875, c 

0.244 0.00281 0.00881 0.00880 
0.216 248 788 792 
0.189 217 697 705 
0.176 202 622 617 
0.158 182 542 530 
0.129 148 443 442 
o .096 I I O  350 355 
0.081 93 273 267 
0.05 I 59 179 I80 
0 . 0 2 0  23 83 92 
0 .  ooo 0 .  ooooo 0 .  ooooo o .a0005 

= 0. 

0.1 - .4 
-0.8 

0 . 5  

o .6 
-0.5 

0 .6  

-0.9 
-0.5 

1.2 

-0.1 

BRASS. 
= 20078, Q = 0.05, 104a = 1 .2 ,  io6b = 0.912, c = 0. 

0.159 0.00183 0.00537 0.00548 --I .X 

0 .  I54 I77 47 I 45 9 1.2 
0.115 I32 367 370 - 0 . 3  
0.090 104 280 280 0 .o 
0.063 7 2  190 191 -0.1 

0.048 55 114 IO1 I .3 
0.000 0.00000 0.00000 0.00012 -1.2 

A& = 0.23, V = 20126, Q = 

12000 1.036 1.098 
11000 0.985 I .042 
10000 0.886 0.939 
9000 0.794 0.842 
8000 0.686 0.728 
7000 0.573 0.609 

5000 0.348 0.371 
4000 0.225 0.240 
3000 0.123 0.131 

6000 0.460 0.490 

2000 0.000 0.000 

CADMIUM. 
0.06, 104a = --1.1, Ioeb 

0.01259 0.01859 
1195 173.5 
1077 I557 
966 1386 
'835 I I95 
697 997 
562 802 

426 606 
275 395 
150 2 I O  

0.00000 0 .ooooo 

= 2.165, 10% 

o .01883 
1718 
I548 
I372 
I 190 
I 004 
812 
614 
41 1 
203 

--O .OOOI I 

= -2.71. 
-2.4 

I .7 
d: 9 
1 . 4  
0.5 

- 0 . 7  

-0.8 
--I .6 

0 .7  

-1 .o 

I . I  
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TABLE: I1 (continued). 
Pressure. Diff. X 104. 

Megabars. R- R'. R- R' (corr.). Au,--Av,. Ae, (ob.). Auv (calc.). (Obs.--calc.) 

CADMIUM. 
ARo = 0.82, V = 20126, Q = 0.06, lola = 1.2, 1062, = 2.071, 10% = -1.75. 

7840 0.590 0.695 0.00798 0.01152 0.01170 -1.8 
6860 0.519 0.610 700 994 985 Q .9 
5880 0.420 0.498 572 807 797 I .c? 
4900 0.315 0.380 436 612 606 0.6 
3920 0.198 0.246 282 400 411 - 1 . 1  

2940 0.118 0.I4j 166 2 2 5  213 I . 2  

1960 0.000 0.000 0.0cooo o.oo000 O.OOOIZ - 1 . 2  

AR,  = 0.12, 

I2000 
I[ 1000 

10000 
goo0 
8000 
7000 

6000 
5000 
4000 
3000 
2000 

V = 20077, Q = - 
0.776 0.793 
0.731 0.746 
0.652 0.664 
0.583 0.593 
0.511 0.521 

0.344 0.348 
0.260 0.264 
0.178 0.181 
0.088 0.088 

0.428 0.435 

0.000 0,000 

ZINC. 
-0.10, IO'U = -0.5, 10% = 1.697, I O ' ~ C  = -1.69. 
o.oogr2 0.01512 0.01523 -1.11 

8j8 1398 I385 1.3 
764 I244 1244 0 .o 
682 I102 x TOO 0 . 2  

599 959 952 0 . 7  
500 800 801 0.1 

400 64.0 -547' -0.7 
304 484 489 -0 .5  
208 328 328 0 .o 
101 rG1 163 --0.2 

0 .  OOOOO 0 .  ooooo ---o .00005 0.5  

AKo = 0.14, V = 20077, Q = 

7840 0.494 0.505 
6860 0.429 0.438 
5880 0.346 0.354 
4900 0.259 0.265 
3920 0.176 0.180 
2940 0.095 0.106 
1960 0.000 0.000 

ARo = 0.05, V = 20164, Q = 
12000 

I. I000 
IOOOQ 
9000 
8000 
7000 
6000 
5000 
4000 
3000 
2000 

0.867 
0.819 
0.737 
o .648 
0 456 
0.460 

0.274 
0.181 
o .088 

0,362 

0.000 

0.926 
0.874 
0.789 
0.694 
0 .597  
0.494 
0.394 
0.296 
0.196 
0.097 
0 .ooo 

ZINC. 

-0.10, 104a 

0.00581 
504 
407 
305 
207 
I22 

0.0OQOO 

TEN. 

0 . 2 7 ,  104a = 

0 .oxo60 

903 
795 

1001 

684 
566 
45 1 
339 
224 
I 1 1  

0.00000 

= 0.9, roab = 1.636, 10% = -0.84. 
0.00935 0.00942 --0.7 

798 79= 0 .? 
642 638 0.4 
48 I 483 - Q . Z  

325 327 --0.2 

I81 170 1 . I  
0.00000 0.00OOg Q . 9  

-1.1,  10% 

0.01660 
1541 
1383 
1215 
1044 
866 
69 1 
519 
344 
171 

0 CQOOO 

= 1.839, I O ~ ~ C  = -1.44. 
0.01684 -2.4. 

I527 = .4 
1368 1.5  
1206 0 .9  
I 042 0.2 
872 -0.6 
69 I 0 .o 
527 --0.8 
351 -0.7 
171 0 .o 

-0 * OQOX I I . I  
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TABLE I1! (continued). 
Pressure. DiE. X 104. 

Megabars. R-  R'. A-R' (corr.). Avv- Avs. Anr (obs.). Auy (calc.). (0bs.-calc.) 

TlN. 
AR, = 1.03, V = 20164, @ = 0.27 ,  104a 

7840 0.465 0.622 0.00712 
6860 0.386 0.525 601 
5880 0.320 0.434 497 
4900 0.225 0.320 366 
3920 0,143 0.209 239 
2940 0.074 0.112 I28 
1960 0.000 0.000 o.ooooo 

= 0.3,  rosb = 

0.01066 
895 
732 
542 
357 
187 

0 . QOOOO 

AR, = 
I2000 
11000 

10000 
yo00 
8000 

7000 
6000 
5000 

4m0 
3000 

2000 

-1 .oo, 
0.391 
0.351 
o .312 
0.291 
0'.255 
0.211 

0.180 
0 .  I55 

o ,041 
0.102 

0.000 

SILVER. 
V = 20191, Q = 0.51, 10*a = 1.1, 
o 413 0.00358 0.00958 

0.277 317 857 
0.243 278 758 

0 * 197 225 585 
0.159 I82 482 
0.134 I53 393 
0.118 135 315 
0.076 87 207 

o .029 33 93 
0.000 0 * 00000 0.00000 

0.227 260 680 

ARo 
7840 
6860 
5880 
4900 
3920 
2940 
1960 

ARo 
I2000 
I1000 
10000 

9000 
8000 
7000 
6000 
5000 

4000 
3000 
2000 

1.852> 10% = -0.60. 
0.01072 -0.6 

896 4.1 

7 2 0  I .2 

543 -.I 
364 -0.7 
184 0.3 

0.00003 -0.3 

ro'b = 0.947, 
0.00958 

863 
768 
674 
579 
484 
390 
295 

106 
2 00 

0.00011 

c = 0. 

0 .o 
--a .6 

0.6 
0.6 

--0.2 

0.3 

0 . 7  
--I . 3  
-1 .I 

-1 .o 

2 .o 

SILVER. 
= 0.70, V = 20191, Q = 0.51, 104a = 0.0, 10% = 1.010, c = 0. 

0.068 0.207 0.00237 0.00591 0.00594 10.3 
0.055 0.178 204 498 495 0.3 
0.032 0.139 E59 394 396 -0.2 

0.019 0.107 122 298 297 0.1 
0.009 0 . 0 7 5  86 2 04 198 0.6 

-0.007 0.030 34 93 99 -0.6 
0 . 000 0 . 000 0 ,00000 0 .OOOOO 0 . OOQOO 0 .o 

= 0.80, V 

-46 
-0.049 

-5 5 
-42 
-43 
-45 
-36 
-19 
-29 
-06 

-0 .ooo 

COPPSR. 

= 20136, Q = 0.32, 104a = 1.0, ro6b = 0.744, 

0.123 14' 68 I 680 
0 .  I30 0 .OOT49 0.00749 0.00754 

0.104 
0.103 
0 .osg 
o .070 

0.063 
0.060 
0.028 
0.026 

1 I9 
I18  

80 
72 
69 
32 
30 

I02 

0 ,000 0 . 00000 0 ,00000 0.0001 0 

c = 0. 

-0.5 
0 . 1  

-0.6 
0.8 
0.6 

0.4 
I .6 

-0.7 
0.6 

4 . 2  

-1 .o 
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T A s L B  Xi (continued). 
Pressure. Diff. X 104. 

Megabars. R-R'. I t -  R'(corr.). Au,-Aao,. &, (obs.). As, (calc.). (Ob%-calc.) 

ARo 
7840 
6860 
5880 
4900 
3920 
2940 
1960 

AR, = 
I2000 
1 IO00 
I O 0 0 0  

go00 
8000 
7000 
6000 
5000 
4000 
3000 
2000 

= 0.70, Y = 20136, 

-0.031 0.075 
---o.ozg 0.063 
-0.019 0.055 
-0.o20 0.035 
--o .006 o .026 

0.000 0.000 

-0.035 0.08j 

COPPER. 

Q = 0.32, 104a = 1.0, Iosb = 0.759, c 

0.00097 0.0045i 0.00456 
86 380 382 
72 307 308 
63 239 233 
40 158 159 
30 89 84 

0,00000 0.00000 0.00OIO 

GOLD. 
-0.35, V = 20043, Q = ---0.05, I 

0.032 -0.031 --o .00036 
36 -24 -2 8 
44 -12 -14 
37 -14 -16 
39 -7 -8 
29 -12 -14 
27 -8 -9 
28 0.000 0 

I9 -2 --2 

I3 2 2 

0.000 0.000 0.00000 

:04a = 0.5, iosb = 0.566, 
0.00564 0.00571 

512 5x4 
466 4.63 
404, 40 1 

352 345 
286 288 
23 1 231 
I80 1 7 5  
I 18 I 18 
62 62 

0 .  ooooo o .00005 

GOLD. 

ARo = 0.01, V = 20043, Q = -0.05, 104a = 0.6, 
7840 -0.011 -0.015 -0.00017 0.00337 
6860 - 0 . 0 0 6  -0.010 -1 I 283 
5880 0.003 0.000 0 235 
4900 0.011 0.009 I O  I 86 
3920 0.005 0.003 3 I 2 1  

1960 0.000 0.000 o.ooooo o.ooooo 
2940 0.003 0.002 2 61 

ARo = -0.28, V = 20008, Q = 
12000 1.936 1.819 
11000 I .768 I .653 
PO000 1.593 1.483 
9000 1.423 1.319 

7000 1.036 0.950 
6000 0.856 0.781 
5000 0,666 0.605 
4000 0.469 0.421 
3000 0.225 0.200 
2000 0.000 0.000 

8000 1.231 1.134 

BISMUTH. 
-0.68, 104u 

0 .020g9 
I 908 
1711 
~ 5 2 2  
1309 
1096 
90 1 

698 
487 
231 

0 .00000 

= 0. 

--o .5 
--Q.z 
- . I  

0 .6  

Q .5 
* . I  

-1 .o 

c = 0. 

-0 .7 
--o .3 

0 . 3  
0 . 3  
0 . 7  

-*.2 

0 .o 
0.5  
0 .o 
0 .o 

---o .5 

IO'b = 0.571, G = 0. 

0,00342 -0.5 
286 ---Q.3 
230 0.5 
174 I .2 

1 I8 0.3 
62 -0.1 

o.00006 - 0 . 6  

= 0.9, Io6b 
o ,02699 

2448 
2191 
I942 
1669 
1396 
I 141 
878 
607 
291 

0.00000 

= 2.923, 10% = -2.38. 

o .02694 0.5 
2447 0.1 

2195 -0.4 
I938 0 . 4  
1677 -0.8 
14x1 -I .5 
I 140 0.1 

864 1.4 
584 2 . 3  
299 -0.8 

0.000Qg --O.g 
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TABLE 11 (continued). 
Pressure. Diff. X lo*. 

Megabars. R- R'. R-R' (cor.) .  Av,-AvS Avr (obs.). Aur (calc.). (Ob%-calc.) 

BISMUTH. 
Ax, = -0.22, V = 20008, Q = -0.68, 104a = 0.4, Ioab = 2.889, 10% = -1.39. 

7840 1.203 1 . 1 1 2  0.01284 0.01638 0.01655 -1.7 
6860 I .035 0.957 I I05 1399 1386 I .3 
5880 0.837 0.766 884 1x19 1115 0 . 4  

841 -0.1 4900 0.635 0.575 664 840 
3920 0.430 0.386 446 564 565 Q . I  

2940 0.226 0.201 232 291 286 0 . 5  
1960 0.000 0.000 o.ooooo o.ooooo o.oooo4 -0.4 

TIN-BISMUTH ALLOY. 

12000 1.567 1.446 0.01658 0.02258 0.02259 0.1 

IOOOO 1.282 1.171 134' 1821 1818 0 . 3  

ARo = -0.91, V = 20135, Q = 0.03, 104a = 1.3, ro6b = 2.295, 10% = -0.49. 

11000 1.420 1.305 I497 2037 2038 -0.1 

go00 1.123 1.019 I 168 1588 I595 -0 *7 
8000 0.982 0.887 1017 I377 I372 0 . 5  
7000 0.831 0.747 856 I 156 I I49 0 . 7  
6000 0.674 0.601 689 929 923 0.6 
5000 0.516 0.456 523 703 698 0 . 5  
4000 0.347 0.304 34.8 468 470 -0.2 

242 -0.2 3000 0.179 0.157 I 80 240 
2000 0.000 0.000 o.ooooo o.ooooo o.ooor3 -1.3 

TOOL STEEL. 
AR, = -0.79, V = 20060, Q = 0.03, Io4a = 0.2, roab = 0.602, c = 0. 

7840 0.097 0.003 0 . 0 ~ 0 3  0.00357 0.00356 0.1 

5880 0.071 0.000 0 235 238 -0.3 
4900 0.061 0.004 4 I80 I79 0.1 

6860 0.083 0.000 0 2 94 297 -0 -3  

3920 0.050 0.009 1 0  I28 I20 0.8  
2940 0.020 -0.003 -3 56 61 -0.5 
1960 0.000 0.000 o.ooooo o.ooooo o.oooo2 -0.2 

AR, = 
7840 
6860 
5880 
4900 
3920 
2940 
1960 

-0.40, V 
I .376 
I .132 
0.907 
0.677 
0.458 
0 .227  
0 .ooo 

SILICA GLASS. 
= 20107, Q = - 0 . 2 2 ,  104a = -1.0, rosb = 3.157, t 0. 

I ,318 o.01511 0.01865 0.01848 1 .7  
I ,080 1238 I532 1538 -0.6 
0.860 986 I221 I228 -0.7 

919 -1.2 0.638 731 907 
0.428 49 1 609 609 0 .o 
0 . 2 1 1  242 301 300 0.1 

0.000 0.00000 0.00000 --0.00010 I .o 

In determining the value of V ,  -- V ,  at  2000  megabars, our fixed initial 
pressure, it is necessary to use an approximate value of the compressibility 
up to 2000. The first step in the calculation was to interpolate the observed 
values of K - K' to correspond with the even 1000's of megabawl 

In some of the earlier measurements pressures were read close to the even 1000's 
of kg./cmZ., and for those cases in Table I1 their equivalents in megabars are given. 
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Since the pressures seldom differed from the level 1000's by more than 
IO megabars, this interpolation was very easy and simplified the succeed- 

The results of our measurements are presented in Table 11. In the succes- 
sive columns reading from left to right are ( I )  the pressure in megabars; (2) 

the corresponding valt;es of R - R' in millimeters; (3) R - R', corrected 
according to the right-hand side of Equation 6 ;  (4) the difference in 
volume change per cc. between the given sample and soft steel, and ( 5 )  
Av, the change in volume per cc. a t  atmospheric pressure of the material 
between the pressures P and Po (2000 megabars). Above each series of 
measurements are given the corresponding values of AR, , V (the volume 
in cu. mm. of the test piece at  atmospheric pressure), and Q( = V,- V J A )  
which was calculated from the difference in volumes of r and s a t  P = 

In the method of calculation as given above, it is assumed that the 
temperature is constant throughout any one run and also that the series 
of measurements with the standard test piece are made at  the same teni- 
perature as the series with the other test piece. The corrections neces- 
sitated by variations in temperature are shown in Table 111, which has 
been calculated from Bridgman's data on the compressibility of kerosene 
at various temperatures,l assuming a 45 mm. column of kerosene. In 
this table the column headed A gives the change in R - R' which would 
result if the R - series of readings were made while the bomb is one 
degree warmer than when the R'- readings were taken. Under B are 
given the values of the change due to any one reading of either R or R'- 
being made a t  a temperature one degree higher than that of the remainder 
of the series. 

calculations to a considerable extent. 

2000. 

TABLE III.--CORRECTIONS IN PISTON DISPLACEMENT; MU. PER DEG. 
Pressure. megabars. A. B. 

2000 0.000 -0.025 

3000 0,003 -0.023 
4000 0 .OO$ --0.020 
5000 o .007 --o.o1g 
6000 0.007 -0 .or8 
7000 0.007 -0.018 
8000 0.007 -0 .OI8 
9000 o .a07 -0.018 
10000 0.008 -0 .o r7  
I I000 0 .or0 -0.016 
I2000 0.011 -0 .or4 

During the course of a series of measurements the temperature of the 
bomb was read at  frequent intervals by means of a copper-constantan 
thermo-element which was inserted at  B (Fig. I). Owing to the large 

I?. W. Bridgmaq, Proc. Am. Acad., 48, 357 (1912).  
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heat capacity of the heavy bomb-weighing about 40 kg.-the fluctua- 
tions in temperature during the course of any one run were seldom greater 
khan 0.1 '. Moreover, the respective temperatures of two corresponding 
R and €2' series usually differed by not more than 1.0'. We were there- 
fore able to dispense with a thermostat, small corrections according to 
Table 111 being made when necessary. 

Discussion of Results, 
Change of Compressibility with Pressure.-The graphs obtained bq 

plotting P as abscissa and Av as ordinate and passing the best smooth 
curve through the points are grouped in Figs. 9, IO, 11, and 12, which for 
the sake of clearness have been drawn to different scales. It can readily be 

seen that these graphs are 
nearly straight lines, but a 
closer inspection, more espe- 
cially when the plots are con- 
structed on a larger scale, re- 
veals the fact that some of 
the lines are more or less 
curved. The results for tool 
steel, gold, copper, brass, sil- 
ver, aluminum and calcium 
carbonate are represented sat- 
isfactorily by straight lines, 
but for each of the remain- 
ing materials the points seem 
to lie in a slightly curved line 
concave toward the P axis. 

Since the slope of any one 
of these lines a t  any point is 
equal to the compressibility 
at  the corresponding pressure, 
and since the results indicate 
a slight but unmistakable 
curvature for the more com- 
pressible substances, from the 
change of slope it is possible 
to obtain a rough estimate of 
the change of compressibility 

In order to accomplish this, the coefficients of the equation 

&essure /o*NewburS 

Fig. g.-Final results for A V,  volume change under 
pressure of Au, Cu, Ag and Zn. 

with pressure. 
AV = a + b(P -- P o )  + c(P -Po>% (8 )  

were calculated for each run separately using the method of least squares. 
The value of c is very small in any case and for thoseseries of measure- 
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ments which by inspection were seen to be represented satisfactorily by 
straight lines, c in Equation 8 was put equal to zero, and the best straight 
line calculated from the data. In Table I1 the values of a, b, and c for 
each series are given, while the last two columns of the table contain, 
respectively, Av calculated from Equation 8, and A v , ~ ,  - AvC,lc.. 

The earlier runs recorded in Table I1 were carried up to only 8000 
%g./cm2. (7840 megabars). Subsequently new measurements were made 
on most of the materials a t  pressures from 2000 to IZOOO megabars. The 
concordance of the two runs, 
which were made with the 
same samples of the mate- 
rials, is in most cases quite 
satisfactory. It should be 
noted that a value of 1.0 in 
the last column of Table I1 
corresponds to an error in X 
of less than 0.01 mm.; sit& 
Iarly a dserence of 0.01 be- 
tween two values of 105b sig- 
nifies an error in R of the 
same amount. The values of 
a have no significance except 
(I) as an indication of the 
error in K a t  2000 megabars, 
and (2) as a constant in the 
e q u a t i o n  from which the 
values of Av, (calc.) were ob- 
tained. A difference of I .o in 
the value of 104u corresponds 
to a difference of less than 0.01 

mru. in R, the reading of the 
micrometer. The average de- 
viation of the individual ob- 
servations may thus be Seen 
to be less than 0.006 mm., 

Fig. -ro.--FinaI results for AV, volume change 
under pressure of tool steel, brass, A1 and calcite. 

while two runs on the same substance seldom differ by more than two or 
three hundredths of a millimeter. The value of c is a measure of the 
change of compressibility with pressure; it  is a very small quantity and 
except for the more compressible substances not much weight is to be at- 
tached to it. 

In Table IV, which summarizes the results of our measureinents on 
esmpressibility, the weighted averages of the coefficients b and c are given. 
The averages were obtained by weighting for b, the longer runs twice as 
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much as the shorter ones; for c the ratio was focr to  one. From these 
average values of b and c the conipressibilities, a t  zero pressure and a t  
IQ,OOO megabars, were calculated and are shown in Cols. 4 and 5, re- 
spectively. The last column indicates how much the compressibility k 
decreases between o and 10,000 megabars. The values recorded in this 
column are to be considered merely as rough estimates and not a t  all as 
precise determinations of this very small quantity. Indeed, these num- 

bers as given are not neces- 
sarily within 25% of their 
true value, but a,t least they 
are indicative of the order of 
magnitude of the change in 
compressibility with pressure, 
It is to be noted that the 
above discussion presupposes 
that the relation between P 
and Av for tlie reference sub- 
stance, soft steel, is linear; 
consequently that the curva- 
ture as given is a minimum, 
because the graph for soft 
steel if it should prove Lo be 
not linear would of necessity 
also be concave toward the 
P-axis. 
An examination of the fig- 

ures shows that while in gen- 
eral the substances having the 
greatest compressibility exhibit 
the greatest decrease in com- 

2 4 6 8 IO 12 pressibility with pressure, yet 
Pressure /of flequburs no strict relation between k 

Pig. II.-Final results for AV, valume change and Ak is observable. For 
under pressure of Sn, Pb, quartz and Si02-glass. zinc and cadmium the 
The assumed P- V graph of iron (soft steel) is also of Ah are abnormally high, included. 

while on the other hand the 
43- Av data for lead, calcite, and aluminum are represented surprisingly 
well by a straight line. 

In this connection i t  is of interest to note that even if k were defined 
as being equal to dv/v dP instead of dv/v,dP k would still show a 
decrease with increasing pressure. In other words, h decreases faster 
than V.  For instance, the volume of sodium chloride is decreased 4% 
by a pressure of 10,000 megabars but at the same time, as shown by 
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Table IV, k decreases 14%; therefore IdV/VdP decreases approximately 
10%. 

TABLE IV.-sUMMARY OF RESULTS ARRANGED I N  ORDER OF DECREASING COM- 
PRESSIBILITY. 

Material. 

NaCl. . . . . . . . . . . . . . .  
SiOl, glass.. . . . . . . . . .  
Bi.. . . . . . . . . . . . . . . . .  

Sn-Bi.. . . . . . . . . . . . . .  
Cd . . . . . . . . . . . . . . . . .  
Pb . . . . . . . . . . . . . . . . .  
SI1 . . . . . . . . . . . . . . . . . .  
Zn. . . . . . . . . . . . . . . . . .  
CaCOa, calcite.. . . . . .  
A1 . . . . . . . . . . . . . . . . . .  
Ag . . . . . . . . . . . . . . . . .  
Brass. . . . . . . . . . . . . . .  
c u  . . . . . . . . . . . . . . . . .  
Tool steel. . . . . . . . . . .  
Au . . . . . . . . . . . . . . . . .  
Pe (soft steel) . . . . . . . .  

SiOz, quartz.. . . . . . . .  

Coeff. of Eq. 8. 

c x 10". b X 105. 

4.006 
3.156 

2.625 
2.295 
2.134 

1 .a43 
I .677 
1.390 
1.324 
0.968 
0.887 
0.749 
0.602 
0.568 

2 .gIX 

2 , 2 0 2  

. . .  

2 . 9 5  

2 . I8 
I .94 
0.49 
2.52 
0.24 
I .27 
I .52 

. .  

. . 

. .  

. .  

. .  

.. 
* .  
. .  

Compressibility, k, Ak k change 
per megabar, X 108. ------- at 300. 0 and 10000 

At 0. At 10,000. (Richards.) megabars. %. 
k X 108 olk'detween 

4.12 3.53 
3 .1  j .  

3.00 2.57 
2 . 7 0  2.31 
2.31 2 . 2 2  

2 .24 I .70 
2.21 2.16 
1.89 1.64 
1.74 1.43 

1-39 
I .32 
0.97 
0.89 
0 . 7 5  
0.60 
0.57 
0.60 

. .  '4 

3 .o 15 
.. I4 
. .  4 

2 . 1  2 2  

2.33 2 

1.9  I3 
1.7 I7 
. .  .. 

I .48 .. 
I .OI  . .  
. .  .. 

0.76 .. 
0.64 .. 
.. . .  
. .  . *  

Comparison with Previous Results.-About the only other determina- 
tions of compressibilities with which to compare our results are those 
carried out a t  pressures between IOO and 500 megabars by Richards' and 
his collaborators. An inspection of Cols. 4 and 6 of Table IV shows 
on the whole a fair agreement between our results (extrapolated to zero 
pressure) and those of Richards. Our value for aluminum is 1.32 X  IO-^, 
while Richards obtained 1.48 X  IO-^. Bridgman has also determined the 
compressibility of aluminum2 and reports i t  as 1.19 X  IO-^ (1.17 referred 
to the kg./cm2). It is difficult to account for the rather wide discrepancy 
here, unless it is due t,o different amounts of impurities in the samples of 
metal used. Aluminum usually contains significant amounts of silica and 
also iron. As may be seen from the analysis (see above) our aluminum 
contained 0.235% Si and 0.016% Fe. Neither Bridgman nor Richards 
report any analysis of the aluminum which they used. 

The compressibilities of several kinds of crystals have been calculated 
by Voigt from his measurements of their elastic constants. His results3 
for sodium chloride, quartz, and calcite, when recalculated to the megabar 
standard, are as follows: sodium chloride, 4.13; quartz, 2.65; and calcite, 

T. W. Richards, et al., Carnegie Inst. Publicabians 76; THIS JOURNAL, 37, 470, 
1643 (19~5) .  

2 P. W. Bridgman, Proc. Am. Acad., 44, 279 (1909). 
W. Voigt, Ann. Phys., 31, 720 (1887); 35, 655 (1888); 39, 430 (1890). 
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1.54. With the exception of calcite these values show a surprising agree- 
ment with our own determinations. 

Compressibility of Mixtures.-Two different types of alloys were 
studied: copper-zinc (ordinary brass), and tin-bismuth. Mixtures of cop- 
per and zinc show a complicated Piquidus curve which indicates a large 
amount of solid solution, while tin and bismuth form a simple binary 
system with one eutectic, no compounds, and practically no solid solu- 
tion. In order to compare the compressibilities of the alloys with those 

of the pure components, the 
percentages b- volume of 
each component was multi- 
plied by its compressibility. 
The sum of these products 
was then the “calculated” 
compressibility. Thus brass 
contained by weight Cu 
61.8%, Zn 3j.9%, and Pb 
2.3% (in addition to  0.05% 
Fe which may be neglected). 
The corresponding composi- 
tion by volume was, there- 
fore, Cu 56.9%J Zn 41.4%~ 
and Pb 1.6%~ and the “cal- 
culated” compressibility was 
1.18 a t  zero pressure and 
I .os a t  ~o,ooo megabars. 
The observed compressibility 
was 0.89 at both pressures, 
For the tin-bismuth alloy, 
containing Sn 53.3% and Bi 
46.7% by volume, the “calcu- 
lated” compressibilities were 
2.40 and 2.07, while the ob- 
served values were 2.31 and 
2.22 (at o and 10,000 mega- 

bars, respectively). 
The agreement is much better for the tin-bismuth alloy than for brass. 

Thus is the case of the former average “calculated” value is 5% higher 
than the average observed value, but the corresponding discrepancy for 
brass is 25%. Now an alloy such as brass belongs to  that type of mix- 
ture. the physical properties of which ordinarily do not bear a simple 
relation to the properties of the end members of the series, while on the 
other hand, many of the physical properties of the simple mixtures, such 

pressutu 

Fig. 12.-Final results for AT/, volume change 
under pressure of Cd, Sn-Bi alloy, Bi and NaCl 
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as the tin-bismuth alloy, vary linearly with the amount of the compo- 
nents. Therefore, in view of the results noted above, i t  is perhaps not 
unreasonable to assume that for purposes of calculation, compressibility 
may be considered as a colligative property when applied to mixtures 
whose other properties, such as specific volume, electrical conductivity, 
specific heat, and so forth, are approximately linear functions of the com- 
position. 

Possible Hysteresis Eff ects.-Since the measurements which have 
been recorded were made under conditions of decreasing pressure, i t  is 
o€ interest to find out to what extent the curvature of some of the P - Av 
graphs (Figs. I O  to 13) may be due to a hysteresis of the volume change 
under hydrostatic pressure. It is, of course, not easily conceivable that 
a single crystal, or part of a single crystal, would exhibit any lack of 
uniformity in the volume strain caused by uniform hydrostatic pressure, 
or would show any hysteresis in its volume elasticity; but many of the 
materials examined consisted of a crystalline aggregate for which the 
relation between stress and strain might not be the same as for a single 
crystal of the same substance. In order to detect a possible hysteresis 
in the volume change, measurements were made on a number of the 
materials with increasing pressure. In carrying out these determinations, 
pairs of readings of pressure and piston displacement were taken a t  2000, 

4000, and 6000 megabars for each of the materials, including soft steel, 
and the difference in compressibility between steel and the material in 
question calculated in the usual way. The volume changes ( Av) deter- 
mined in this way were found to be, in certain cases, slightly lower than 
the corresponding values of Av obtained with increasing pressure. The 
differences, however, proved to  be hardly greater than the uncertainty in 
the measurements and are probably not worth while recording here. The 
hysteresis in connection with the change with pressure in the volume of 
materials such as we have used is therefore probably negligible. 

Summary. 
A description is given of a method for measuring the compressibilities 

of solids under hydrostatic pressure, and results are presented for 16 
materials a t  pressures up to I 2,000 megabars. The essence of this method 
is to compare the change of volume under pressure of a cylinder of the 
material with that of a similar cylinder of soft steel the compressibility 
of which was considered to be 0.60. Iov6  cm2./megadyne a t  all pressures. 
In carrying out the determination the solid, surrounded by a liquid such 
as kerosene, was inclosed in a thick-walled steel bomb fitted with a mov- 
able leak-proof piston, and pairs of simultaneous readings were taken of 
( I )  the displacement of the piston, i. e. ,  the volume change, and ( 2 )  the 
pressure. The piston displacement was measured to better than 0.01 mm. 
by means of a dial micrometer. In measuring the pressure advantage was 
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taken of the change of resistance under pressure of a “therlo” wire, and 
in order to determine the pressure to within one megabar the resistance 
change was measured with a type of Wheatstone bridge having no mov- 
able contacts. 

The P - A v  graph for gold, copper, brass, silver, aluminum, and calcite, 
like that of steel, is sensibly linear; but the graph for zinc, tin, cadmium, 
lead, tin-bismuth alloy, quartz, bismuth, and sodium chloride shows an 
appreciable curvature,‘ thus indicating for those substances a measurable 
decrease of compressibility with increasing pressure. 

A comparison was made of the compressibility of two alloys with that. 
of their components. In the case of a simple mixture such as the tin- 
bismuth alloy, the measurements indicate that the compressibility of 
mixtures whose other properties, such as specific volume, electrical con- 
ductivity, and specific heat, are approximately linear functions of the 
composition, is related in the same simple way to the compressibilities of 
the separate components. On the other hand, the compressibility of 
alloys of the class to which brass belongs is much lower than the sum of 
the individual compressibilities. 
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The well-known emanation method is the best one for estimating 
small amounts of radium. But thorium cannot be determined similarly 
because of the very short period of its amanation. However, it has been 
proposed to modify the method by circulating air continuously through 
the solution of the thorium preparation and through the ionization chamber 
noting the activity when the system has reached a steady state. 

Although there are a few references in the literature to such a method,2 
so far as the author is aware no one except J01y3 has ever used it for quanti- 
tative purposes; and in that work it was applied only to the analysis of 
ordinary rocks containing thorium to the extent of about  IO-^ g. per 
gram of rock. 

In view of the great practical value of a simple method of estimating 
thorium without the necessity of separating it from the other rare earths 
generally occurring with it in nature, and of the importance of such a 

1 The measurements on silica glass were not extended far enough to determine 
satisfactorily the amount of its change of compressibility. 

* Soddy, “Chemistry of Radioelemetlts.” 
3 Joly, PhiZ. Mug., 17, 760 (1909). 


